The Superconducting Submillimeter-Wave Limb-Emission Sounder (SMILES) on the International Space Station demonstrated a 4 K mechanical cooler for high-sensitivity submillimeter limb-emission sounding of atmospheric observations. Based on the SMILES heritage, we propose a satellite mission "SMILES-2" to observe temperature and wind fields, and distributions of atmospheric trace gases from the middle atmosphere to the upper atmosphere. We will be able to grasp the 4-D dynamical structure of diurnal variations which are one of the most essential characteristics in the earth's atmosphere. In the upper atmosphere, a transition layer between the atmosphere and the outer space, we will be able to clarify a role of magnetospheric energy inputs from the temperature and wind observations. These outcomes including the atmospheric trace gas data will greatly contribute to improve the reliability of chemistry climate models for future projection and the accuracy of prediction models for space weather.
SMILES HERITAGE
The Superconducting Submillimeter-Wave Limb-Emission Sounder (SMILES) that was launched by an H-IIB rocket with the H-II Transfer Vehicle (HTV) in September 2009 and attached to the Japanese Experiment Module (JEM) on the International Space Station (ISS) demonstrated high-sensitivity submillimeter limb-emission sounding of atmospheric observations [1] (Photo 1). Though the observation period is limited to about 6 months (October 12, 2009-April 21, 2010) owing to the failure of a critical component, outstanding results have been achieved such as an identification of diurnal cycle of the stratospheric ozone, which had not been examined yet because of poor data quality in the previous satellite measurements [2] . In addition, by comparing SMILES data with existing observations and results from the chemistry climate models, it has been recognized that we need a reference data with high precision to constrain the models [3] . After the launch there has been discussion on the possibility to derive wind information from the Doppler shift of observed lines [4] . We now recognize the potential of high-sensitivity observations about temperature and wind fields up to 150 km.
Photo 1: SMILES attached to the Japanese Experiment
Module on the ISS is located at the next from the front.
SCIENTIFIC BACKGROUND
The earth's atmosphere consists of the lower atmosphere (the troposphere) being rich in water, the middle atmosphere (the stratosphere and mesosphere) dictated by minor species such as ozone made from abundant oxygen molecules, and the upper atmosphere (the thermosphere, ionosphere and magnetosphere) with electromagnetic features characterized by atoms and plasma particles. In the middle atmosphere the ozone layer shielding harmful ultraviolet radiation enables life on Earth. In the upper atmosphere high energy radiation with shorter wavelength such as X-ray and extreme ultraviolet is absorbed to produce plasma particles. It is recognized that the middle and upper atmosphere is susceptible to anthropogenic perturbations, such as the release of chlorofluorocarbons resulting in ozone destruction and the increase in greenhouse gases bringing about cooling there. The middle and upper atmosphere is also known to be sensitive to variability in solar activities such as explosions on Sun's surface (e.g. flare), 27-day solar rotation, and the 11-year solar cycle.
The region around the mesopause, including the upper mesosphere and the lower thermosphere (MLT), is an important transition layer where atmospheric characteristics change in terms of both physics and chemistry. One prominent change is the dominant time scale of atmospheric dynamics. The thermal and dynamical structure in the middle atmosphere, mostly determined by a radiative balance with time scale longer than a day, is characterized by the background states varying with a seasonal time scale and the disturbances with periodicities over 24 hours. Therefore, the diurnal variations in the middle atmosphere is rather small and negligible. In contrast, in the upper atmosphere temperature variations show a distinctive diurnal cycle mostly driven by changing solar radiation due to the earth's rotation (Fig. 1 ). The diurnal variations in the upper atmosphere are highly affected by atmospheric waves propagating from the middle atmosphere and by electromagnetic energy inputs from the magnetosphere. However, the lacking of global observations in the MLT region seriously hinders us from investigating the underlying coupling processes between the lower and upper atmosphere. Miyoshi. Note that there has been no direct observation to validate this result.
SCIENCE OBJECTIVES
Based on the SMILES heritage, we propose a satellite mission "SMILES-2" to observe temperature and wind fields, and distributions of atmospheric minor species for the full diurnal cycle from the middle atmosphere to the upper atmosphere for a period of five years. SMILES-2 observations will enable us to obtain global information with unprecedented accuracy on the whole atmosphere including upper mesosphere and lower thermosphere where observation data have been lacking. We set the following four science objectives for the SMILES-2 mission.
(MO.1) To investigate the 4-D space-time structure of the diurnal variations (atmospheric tides) in view of dynamics, chemistry, and electromagnetic processes -"Diurnal variations of the whole atmosphere" (MO.2) To unveil the vertical propagation of synoptic-toplanetary scale disturbances from the middle atmosphere (non-migrating tides and stratospheric sudden warming events) to the upper atmosphere -"Upward coupling" (MO.3) To understand atmospheric variations due to energy inputs from the magnetosphere (particle precipitation and magnetic storm) -"Downward coupling" (MO.4) To provide benchmarks for whole atmosphere models and climate models with detailed description of the background thermal structure and distribution of minor species -"Models & applications" In the following subsections, some details about the four mission objectives are described.
Diurnal variations of the whole atmosphere (MO.1)
The diurnal cycle in the upper air is the fundamental variability of the atmosphere. It propagates vertically as gravity waves (tides), playing a significant role on vertical coupling of the atmosphere. As in Section 2 the dominant periodicity in the middle and upper atmosphere is different, and climatology cannot be defined without determining diurnal cycles. To investigate the 4-D space-time structure of the diurnal variations in view of dynamics, chemistry, and electromagnetic processes, we focus on the following issues.
 What is the global distribution and its diurnal cycles of horizontal winds in the middle and upper atmosphere?  How much is the uncertainty in global atmospheric temperature and wind fields?  What is the diurnal cycle in ozone-related species and their seasonal and inter-annual variability? As to the third point listed above SMILES discovered a clear diurnal cycle between 20 km and 50 km for the first time (Fig. 2) . The model captures the characteristics but there is a significant difference in the amplitude above 50 km. SMILES-2 will provide measurements of ozone-related species (e.g., HOx) which will improve our knowledge of photochemistry (MO.4).
Upward coupling (MO.2)
Sudden Stratospheric Warming (SSW) is an outstanding phenomenon manifesting vertical coupling from the stratosphere to the mesosphere and the thermosphere. It is considered that 12-hr tides are responsible for the vertical coupling, but its mechanism is totally unknown. Fig. 3 shows four major model results during SSW providing consistent pictures in the stratosphere, but diverge significantly in the mesosphere and the thermosphere. Another important point of view for the upward coupling is about wave-4 longitudinal structure of ion density and non-migrating tides generated in the lower atmosphere propagating to the upper atmosphere. They are thought to affect the ionosphere (wave-4 structure) via interaction with the E-region dynamo in the MLT region, but the lack of direct wind observation in MLT prevent from validating this mechanism. The SMILES-2's measurements (temperature, wind, and ion density) will be critical for clarifying theses coupling processes. 
Downward coupling (MO.3)
The MLT is a transition region from non-ionized to partially-ionized space. Penetration of magnetospheric energy and energetic particles from the outer space makes the MLT region sensitive to solar and interplanetary activities. An outstanding question is how the external energy and particle inputs affect dynamics and thermal budget in the terrestrial atmospheric system.
Theoretical and simulation-based studies predict that energetic particle precipitations (EPP) causes abnormal increases of ionization in the mesosphere, resulting in evolution of the ion chemistry related to NOx and HOx [7] . Consequently, it affects the ozone concentration, but there were only a few observational evidences to evaluate the predictions. SMILES-2 will measure all information needed to verify our understanding for these processes.
Models & applications (MO.4)
Computer modeling is now widely used to understand the coupling processes of the whole atmosphere. A major problem for developing the whole atmosphere models is that in the middle to upper atmosphere (especially for the MLT), there is almost 'NO reference data' to validate model results due to the lack of observational data. Several important issues that we need to resolve are described as follows.  To reduce uncertainty, we need to know climatological horizontal wind in the middle and upper atmosphere  To clarify ozone inconsistency in the mesosphere HOx measurements can resolve the longstanding issue.  For future climate projection water vapor in the middle and upper atmosphere is s key diagnostic. The SMILES-2 observations will greatly contribute to the modelling community, by providing benchmarks to constrain/validate the performance of such atmospheric models. In addition to the earth's atmosphere, the SMILES-2's scientific contribution goes further into the development of planetary science. This mission therefore will provide us with a deep insight into the climate system of rotating planets in general.
SCIENTIFIC INVESTIGATIONS OF THE MISSION
The main investigation of SMILES-2 is submillimeter-wave limb sounding of the Earth's atmosphere to measure temperature, wind, density and compositions in the stratosphere, mesosphere, and lower thermosphere. Table 1 : Scientific requirements and expected mission products for SMILES-2 observation parameters. In the left 4 columns corresponding mission objectives 1~4 are indicated.
The atmospheric compositions to be observed by SMILES-2 include atomic oxygen, O3, O2, H2O, OH, HO2, NO, NO2, N2O, HNO3, H2CO, CO, ClO, HCl, HOCl, and BrO. Table 1 shows the required precision for SMILES-2 measurements to achieve the science objectives (MO.1~4). In details, see Baron et al. [8] .
MISSION CONCEPT
The SMILES-2 mission will be achieved based on the following concepts.
 4K mechanical cooler for superconducting receiver  Observations of atmospheric temperature, horizontal wind, water vapor, atomic oxygen, OH, O3, HCl, ClO, BrO, N2O, NO, NO2 for the height range 15~ 150 km  Two antennas with d=75 cm for wind vector measurement  Non-Sun-synchronous orbit with inclination ~ 66.0 • and 550 km altitude (for JAXA M-class satellite)  Payload ~ 220 kg, < 320 W  GPS occultation and other in situ measurements for electron density, ion density, and ion drift Example of observation points ( Fig. 4 ) and structure design ( Fig. 5 ) are shown below. In detail see Ochiai et al. [9] . 
CONCLUSIONS
Based on the SMILES heritage, we propose a satellite mission to observe temperature and wind fields, and distributions of atmospheric trace gases from the middle atmosphere to the upper atmosphere for 5 years. Using observation data from the middle atmosphere to the upper atmosphere as a whole, we will be able to grasp the 4-D dynamical structure of diurnal variations. In the upper atmosphere, a transition layer between the atmosphere and the outer space, we will be able to clarify a role of magnetospheric energy. These outcomes including the atmospheric trace gas data will greatly contribute to improve the reliability of chemistry climate models for future projection.
